We reported diverse soliton operations in a thulium/holmium-doped fiber laser by taking advantage of a tapered fiber-based topological insulator (TI) Bi 2 Te 3 saturable absorber (SA). The SA had a nonsaturable loss of ∼53.5% and a modulation depth of 9.8%. Stable fundamentally mode-locked solitons at 1909.5 nm with distinct Kelly sidebands on the output spectrum, a pulse repetition rate of 21.5 MHz, and a measured pulse width of 1.26 ps were observed in the work. By increasing the pump power, both bunched solitons with soliton number up to 15 and harmonically mode-locked solitons with harmonic order up to 10 were obtained. To our knowledge, this is the first report of both bunched solitons and harmonically mode-locked solitons in a fiber laser at 2 μm region incorporated with TIs.
INTRODUCTION
Optical solitons, formed as a result of the interplay between dispersion and nonlinear effects in optical fibers, have attracted tremendous research interest since 1980s [1] . Technologically speaking, they play great roles in numerous areas like optical fiber communication, ultrafast optics, optical metrology, and so on. Solitons can be readily generated in optical fiber lasers with both active and passive mode-locking techniques [2, 3] . Moreover, passive mode-locking techniques benefitting from either tangible saturable absorbers (SAs) or intra-cavity nonlinear effects are deemed as the better vehicle to obtain solitons in fiber lasers for their simplicity and good performance [4, 5] . By choosing moderate conditions (with different kinds of SAs and gain fibers) in filter-free fiber resonators, optical solitons have been widely reported [6, 7] .
Very recently, topological insulators (TIs) as a two-dimensional material have attracted great attention due to their unique electronic and optical properties such as good thermal management, high nonlinear refraction index, and ultrafast relaxation time [8, 9] . Ever since the first demonstration of optical SA-like behavior of TI Bi 2 Te 3 at 1550 nm in 2012 [10] , mode-locked fiber lasers with TI materials (including Bi 2 Te 3 [11] [12] [13] , Bi 2 Se 3 [14] , Sb 2 Te 3 [15, 16] , and MoS 2 [17] [18] [19] [20] ) have been investigated. Most of these investigations focus on the ytterbium-doped fiber lasers at 1 μm [13, 19, 20] and erbium-doped fiber lasers at 1.5 μm [11, 12, [14] [15] [16] [17] [18] , but at present reports of mode-locked fiber lasers at 2 μm incorporated with TI materials are still rare [21] . The energy gap of Bi 2 Te 3 is ∼0.3 eV, which corresponds to the absorbance ability of light with wavelengths shorter than 4.1 μm and the possibility of its application in mode-locked fiber lasers at the 2 μm wavelength region.
It is known that the 2 μm wavelength region covers various gas absorption lines (e.g., H 2 O, CO, and CO 2 ) which may be useful in atmospheric sensing [22, 23] and also it is deemed as the most promising pump band for wavelength conversion to the mid-infrared molecular fingerprint region [e.g., for ZnGeP 2 -based optical parametric oscillator (OPO)] [24] and supercontinuum generation [25, 26] ). The ultra-wide gain spectrum of thulium or holmium-doped fibers at 2 μm makes them favorable to generate ultrafast mode-locked pulses. Advances of 2 μm mode-locked fiber lasers can be found in a recent review paper [27] . Therefore, demonstration of the TI-based SA to ultrafast fiber laser at the 2 μm region is still interesting and important such that needs to be further explored.
In this paper, we report our recent investigations on a soliton mode-locked fiber laser at 2 μm by adopting TI Bi 2 Te 3 nanosheets. The TI-based SA was prepared by optically depositing high-quality Bi 2 Te 3 nanosheets onto a piece of singlemode fiber (SMF) with cladding diameter tapered down to ∼14 μm. Self-started fundamentally mode-locked soliton pulses with a measured 3 dB spectral width of 3.43 nm, a pulse repetition rate of 21.5 MHz, and a pulse with of 1.26 ps (after amplification) were recorded. Moreover, by adjusting the cavity polarization and increasing the whole gain, stable soliton bunches with soliton number up to 15 in a single bunch and over 10th-order harmonically mode-locked soliton pulses were realized.
EXPERIMENTAL SETUP
In a synthesis, a moderate thylene glycol was used to dissolve a stoichiometric ratio of bismuth chloride (BiCl 3 ) and sodium selenide (Na 2 TeO 3 ) together with vigorous stirring. The mixture was transferred into an autoclave to obtain gray Bi 2 Te 3 powder, then washed with distilled water and ethanol, and finally dried at 60°C in vacuum. The as-grown and washed powders had typical hexagonal morphologies with dimensions between 400 and 600 nm measured with a scanning electron microscope (SEM), as shown in Fig. 1(a) . Their thickness was measured to be ∼20 nm with an atomic force microscope. These powders were then dispersed in an ethanol solution with a concentration of ∼100 μg∕mL. The Bi 2 Te 3 dispersion was optically deposited onto a piece of tapered SMF-28 e (with cladding diameter tapered down to ∼14 μm and tapered length of ∼1 cm) to make the TI-based SA. The tapered fiber was placed on a quartz plate. A 976 nm fiber-coupled laser diode with 40 mW average output power was adopted as the illuminated light (IL), and the depositing process was monitored with a power meter. The deposition process took only ∼170 s, then the IL was turned off. About 100 s later, the ethanol solution was completely evaporated. As the last step, the IL was turned on again to measure the loss of the TI-based SA.
Figure 1(b) shows a microscope photo of the tapered region of TI-based SA with a 1000-fold magnification. By coupling red light (632.8 nm) into the SA, the evanescent filed could be revealed as shown in Fig. 1(c) . The time-dependent variation of monitored power during the depositing process is plotted in Fig. 1(d) showing that the TI-based SA had an insertion loss of ∼2.4 dB at 976 nm. The saturable characteristics of the previously fabricated TI-based SA was also investigated by using a homemade mode-locked thulium-doped fiber laser which delivers ∼3 ps laser pulses at 1960 nm with a repetition rate of 10.56 MHz. Figure 1 (e) plots the measured peak-power-dependent transmission data of TI-based SA and the corresponding fitting curve. As can be seen, the modulation depth of TI-based SA is ∼9.8% and the nonsaturable loss is ∼53.5%.
The TI-based SA was incorporated into a ring cavity thulium/holmium-doped fiber laser (THDFL). Figure 2 depicts the experimental setup of the THDFL. The lasing gain at 2 μm was provided by a 2 m length of single-mode thulium/ holmium-doped fiber (THDF) pumped by a 1570 nm continuous-wave fiber laser via a 1570/2000 nm wavelength division multiplexer (WDM). The single-mode THDF had a core/cladding diameter of 9/125 μm with a core numerical aperture of 0.15 and absorption coefficient of ∼10 dB∕m at 1550 nm. The other end of THDF was spliced to a polarization-independent isolator (ISO) to ensure the unidirectional propagation of intra-cavity light. Between the TI-based SA and the ISO, a polarization controller (PC) was used to adjust the cavity polarization. The laser output was extracted from the 20% port of a fused fiber-optical coupler (OC).
The laser output were detected with an extended InGaAs photodetector (bandwidth 9 GHz) monitored on a digital oscilloscope (bandwidth 1.5 GHz). And a second harmonic generation based autocorrelator was used to measure the pulse width. A thulium-doped fiber amplifier (TDFA) was put before the autocorrelator in order to get high peak power of the output pulses to induce a detectable second harmonic signal. A grating based optical spectrum analyzer was used to measure the laser spectrum with a resolution of 0.05 nm. Other measuring equipment includes a thermal power meter, and a radio frequency (RF) spectrum analyzer (bandwidth 26.5 GHz).
EXPERIMENTAL RESULTS AND DISCUSSION
In the work, by increasing the pump power, amplified spontaneous emission (ASE) light and self-lasing with output spectrum peaked at ∼1909 nm were observed first. Then we adjusted the intra-cavity polarization states by rotating the PC and increasing a little pump power to ∼315 mW, stable fundamentally mode-locked soliton pulses could be readily observed.
The measured spectrum of the output soliton is depicted in Fig. 3(a) , showing pairs of Kelly sidebands which located almost symmetrically with respect to the central wavelength (1909.5 nm) of the spectrum. The spectral dips as shown in Fig. 3(a) match the water molecular absorption lines very well due to the spatial light propagation in the optical spectrum analyzer. The full-width half-maximum (FWHM) value of the output spectrum was measured to be 3.6 nm. Figure 3 (b) plots the output pulse train with a pulse repetition rate of 21.5 MHz which corresponds to the inverse of the cavity round time. Benefitting from the high quality of the Bi 2 Te 3 nanosheets and a relatively small loss of the TI-based SA, selfstarted mode-locking operation was observed. The soliton mode-locked THDFL had a high temporal stability and could work steady for 3 h every day during 1 week. The measured RF spectrum as shown in Fig. 3(c) had a signal-to-noise ratio higher than 50 dB. Figure 3(d) shows the measured autocorrelation trace with a temporal FWHM of 1.94 ps. By assuming a hyperbolic secant squared (sech 2 ) pulse profile, the output soliton width was only of ∼1.26 ps. Figure 3(d) , inset, shows that the spectral FWHM of the output soliton after amplification was 3.43 nm, which almost remained unchanged compared with the direct output solitons. The time-bandwith product (TBP) of the amplified soliton pulses is calculated to be 0.356, which is very close to the transform-limited value of a soliton pulse of 0.315. When we increased the pump power to higher than 330 mW and kept the position of PC, the output of the THDFL behaved in accordance with the operation of soliton bunches. This phenomenon mainly originates from the fact that soliton pulse energy sustained in an abnormal laser cavity has a limited value [28, 29] ; when the intra-cavity gain increased the soliton pulses would be split and result in the multi-soliton operation. In the experiments, we found that the output split solitons were bunched together. The number of solitons in a single bunch could be continuously adjusted up to 15 by enhancing the pump with fixed PC position. Figure 4 plots typical soliton bunches output of the THDFL with different soliton numbers. As shown in Figs. 4(a) and 4(b) , when the soliton number in a single bunch was less, these soliton pulses located very close to each other. By increasing the pump power, not only the soliton numbers in single bunch but also the distances between solitons were increased as shown in Figs. 4(c) and 4(d), which were typical characteristics of bunched soliton operation in mode-locked fiber lasers.
In the work, we also found pump hysteresis number in this mode-locked THDFL by comparing the effects of increasing and decreasing the pump power on the bunched soliton number as shown in Fig. 5(a) . Due to the pump hysteresis phenomena, there were slight differences of pump power for the same bunched number; for example, the pump power required for the operation of 10-soliton bunch was 540.8-564.2 mW with increasing pump power, but it changed to 511.3-539.2 mW when we the pump power was decreased. Output spectra of these bunched solitons with different bunched numbers were also measured and are plotted in Fig. 5(b) . It shows obviously that there were redshifts of both the spectral peaks and the Kelly sidebands. When the bunched number was increased from 1 to 15, the output central wavelength shifted from 1909.5 to 1910.0 nm.
Further, by adjusting the PC cautiously, the output soliton wavelength could also be tuned over a comparative broadband. Together with the adjusting of the 1570 nm pump power, harmonically mode-locked solitons with higher repetition rates could also appear in this mode-locked THDFL.
At this time, the soliton central wavelength was tuned to 1915 nm as shown in Fig. 6(d) . With the increasing of the pump power, stable mode-locked soliton trains with repetition rate tuned from 21.5 to 215.04 MHz were observed, corresponding to the fundamentally mode-locked soliton train and the 10th-order harmonically mode-locked soliton train. Figures 6(a) and 6(b) show the fifth-and 10th-order harmonically mode-locked soliton trains, respectively. The evolution of the laser output power versus the 1570 nm pump power is plotted in Fig. 6(c) . The experimentally observed three operation regions of the THDFL, namely, the self-lasing region, continuous-wave mode-locking region, and unstable region are depicted as well. It is important to mention that when the pump power was increased to higher than 413 mW, giant and restless soliton flows [29, 30] were observed, and it was difficult to obtain stable mode-locked soliton trains anymore. Figure 6(d) shows the measured output soliton spectra. Distinct from the spectra of bunched solitons, there was no obvious redshifts of the output spectra when the harmonic mode-locking order of the THDFL was changed. Although the reason for this different spectral evolution is still unclear, we believe that the energy interaction among these bunched solitons might relate to it.
We have also verified whether the soliton mode-locking operation of the THDFL was dependent on the TI material. For this purpose, we replaced the TI-based SA with a similar piece of tapered SMF but without any Bi 2 Te 3 nanosheet deposition. Although the PC was rotated and the pump power was adjusted on a very large scale, only continuouswave self-lasing output could be observed. This comparative result showed that the soliton operation of the previously mentioned THDFL was indeed generated by TI Bi 2 Te 3 nanosheets.
CONCLUSION
In conclusion, we have demonstrated diverse soliton modelocking operations in a THDFL incorporated with a TI-based SA which was prepared by depositing Bi 2 Te 3 nanosheets onto a piece of tapered fiber. By adjusting the pump power and the cavity polarization, fundamentally mode-locked soliton trains, soliton bunches, and harmonically mode-locked soliton trains at 1.9 μm region are realized. The output soliton pulse width is measured to be as short as 1.26 ps, with a TBP of 0.356 which is very close to the transform-limited value. The experimental results show that TI Bi 2 Te 3 nanosheets could find applications in soliton mode-locked fiber lasers at 2 μm wavelength region like graphene and carbon nanotubes.
